Bacterial cell division and peptidoglycan (PG) synthesis are orchestrated by the 28 coordinated dynamic movement of essential protein complexes. Recent studies show 29 that bidirectional treadmilling of FtsZ filaments/bundles is tightly coupled to and limiting 30 for both septal PG synthesis and septum closure in some bacteria, but not in others. 31 Here we report the dynamics of FtsZ movement leading to septal and equatorial ring 32 formation in the ovoid-shaped pathogen, Streptococcus pneumoniae (Spn). 33 Conventional and single-molecule total internal reflection fluorescence microscopy 34 (TIRFm) showed that nascent rings of FtsZ and its anchoring and stabilizing proteins 35 FtsA and EzrA move out from mature septal rings coincident with MapZ rings early in 36 cell division. This mode of continuous nascent ring movement contrasts with a failsafe 37 streaming mechanism of FtsZ/FtsA/EzrA observed in a ΔmapZ mutant and another 38 Streptococcus species. This analysis also provides several parameters of FtsZ 39 treadmilling in nascent and mature rings, including treadmilling velocity in wild-type cells 40 and ftsZ(GTPase) mutants, lifetimes of FtsZ subunits in filaments and of entire FtsZ 41 filaments/bundles, and the processivity length of treadmilling of FtsZ filament/bundles. 42 In addition, we delineated the motion of the septal PBP2x transpeptidase and its FtsW 43 glycosyl transferase binding partner relative to FtsZ treadmilling in Spn cells. Five lines 44 of evidence support the conclusion that movement of the bPBP2x:FtsW complex in 45 septa depends on PG synthesis and not on FtsZ treadmilling. Together, these results 46 support a model in which FtsZ dynamics and associations organize and distribute septal 47 PG synthesis, but do not control its rate in Spn. 48 3 SIGNIFICANCE 49 This study answers two long-standing questions about FtsZ dynamics and its 50 relationship to septal PG synthesis in Spn for the first time. In previous models, FtsZ 51 concertedly moves from midcell septa to MapZ rings that have reached the equators of 52 daughter cells. Instead, the results presented here show that FtsZ, FtsA, and EzrA 53 filaments/bundles move continuously out from early septa as part of MapZ rings. In 54 addition, this study establishes that the movement of bPBP2x:FtsW complexes in septal 55 PG synthesis depends on and likely mirrors new PG synthesis and is not correlated with 56 the treadmilling of FtsZ filaments/bundles. These findings are consistent with a 57 mechanism where septal FtsZ rings organize directional movement of bPBP2x:FtsW 58 complexes dependent on PG substrate availability.
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same time, with residual EzrA and FtsA remaining at septa when most of FtsZ has 173 migrated ( Fig. 1B-1F ). Other cell division and PG synthesis proteins, including DivIVA, 174 MltG, GpsB, StkP, bPBP2x, and FtsW, remain at septa after most FtsZ, FtsA, and EzrA 175 has departed and move to the equators of daughter cells late in the division cycle (Fig. 176 1G-1L and Fig. S2G) (21, 22, 29, 30) . The localization of StkP, bPBP2x, and FtsW is 177 more diffuse away from septal and equatorial rings than that of the other proteins 178 examined throughout the cell cycle ( Fig. 1J-1L and S2G ). Western blot control 179 experiments did not detect cleavage of the GFP or HT reporter domains from GFP-StkP 180 and HT-bPBP2x ( Fig. S4 ). As shown later, diffusiveness in demographs corresponds to 181 diffuse movement detected by TIRFm. 182 During these experiments, we unexpectedly noticed that the size and shape of wild-183 type Δcps cells depends on pH in C+Y liquid medium. At pH ≈7.6 (5% CO 2 ), which 184 supports natural competence (36), pneumococcal cells are markedly longer and larger 185 than at pH ≈6.9 (5% CO 2 ), which is the physiological pH at the surface of epithelial cells 186 in the human respiratory tract ( Fig. S3A and S3B) (37) . Underscoring the effects of 187 higher pH, strains expressing GpsB-sfGFP or the GFP-StkP showed morphological 188 defects characteristic of reduced GpsB or StkP function, respectively, in C+Y at pH 7.6, 189 but not at pH 6.9 ( Fig. S2 and S3C ). Effects of pH on cell length and aspect ratio of wild-190 type cells were not observed in BHI broth (Fig. S3A ), which we used in previous studies, 191 but cannot be used here because of autofluorescence. 192 Dynamics of FtsZ in nascent rings that form parallel to mature FtsZ septal 193 rings. TIRFm and epifluorescence microscopy showed that FtsZ filament motion was 194 detected both inside and outside of mature septal rings in E. coli (13, 38) and B. subtilis 195 cells (12). To determine the patterns of FtsZ movement in Spn cells, we performed 196 comparable TIRFm, which limits illumination to an 100-150 nm slice and removes out-197 of-focus background fluorescence light (39). TIRFm of cells was performed on agarose 198 pads containing C+Y, pH 7.1 (no CO 2 ). Newly separated pneumococcal cells contain a 199 mature midcell septal ring that appears as a prominent fluorescent band composed of 200 multiple overlapping FtsZ filaments ( Fig. 2A and 2B ). FtsZ filament/bundle motion is 201 detected by fluctuations in kymographs of TIRFm images ( Fig. S5A and S5B ), but it was 202 not possible to reliably quantitate FtsZ filament/bundle velocities by TIRFm in densely 203 packed mature septal rings ( Fig. 2B and 2D ; Movie S1). FtsZ filament/bundle speeds in 204 mature septal rings were determined by wide-field imaging of vertically oriented cells as 205 described below. 206 We detected the initial stages of formation of nascent FtsZ rings on either side of 207 mature septal rings ( Fig. 2A-2D ; Movie S2). FtsZ in nascent rings was detected as 208 oblong spots moving in both directions parallel to mature septal rings (B in Fig. 2A and 209 2B-2D; Movie S2). Nascent FtsZ rings first appear very close to mature septal rings, 210 and this distance increases as the nascent FtsZ filaments move outward toward the 211 equators of daughter cells, eventually resulting in the characteristic pattern of three 212 parallel FtsZ rings in mid-to-late divisional Spn cells ( Fig. 2A and 2D ). Summations of 213 TIRFm images taken over 180 s movies indicate that the diameters of nascent rings 214 start out approximately equal to those of mature septal rings ( Fig. 2A and 2D) . 215 Kymographs through the long axis of cells show that nascent FtsZ rings form 216 asynchronously on both sides of mature septal rings, with one nascent FtsZ ring 217 detected slightly before the other ≈50% of the time (e.g., Fig. 3A ). Nascent FtsZ rings move away from septal rings, add more filaments/bundles, and develop into early 219 equatorial rings, in which directional velocities of FtsZ filaments/bundles are still 220 detected (A in Fig. 2A; Fig. 3B ). The diameters of equatorial rings became larger than 221 those of residual septal rings, and the number of overlapping FtsZ filaments/bundles 222 within new equatorial rings continue to increase ( Fig. 2A and 3A) . As the density of FtsZ 223 filaments/bundles increases in new equatorial rings, motion is indicated by fluctuations 224 in TIRFm kymographs (longer times, Fig. 2D; Fig. S5 ; Movies S1-S2). We show below 225 that there is a correspondence between the position of nascent rings of FtsZ, FtsA, and 226 EzrA and movement of the MapZ protein ring out from mature septal rings to the new 227 equatorial rings of daughter cells. 228 Velocities of Spn FtsZ filaments/bundles moving in either direction in nascent rings 229 were determined from kymographs ( Fig. 2A-2D ). FtsZ filament velocities were similar in 230 nascent (31.5 ± 13.0 (1.0) nm/s (SD (SEM)) and early equatorial rings (34.4 ± 13.7 (1.5) 231 nm/s), with a combined average FtsZ filament velocity of 32.4 ± (13.3) (0.8) nm/s in 232 cells in C+Y, pH 7.1 (no CO 2 ) ( Fig. 2A-E ). FtsZ filament velocities were comparable in 233 cells in C+Y, pH 7.8 medium (no CO 2 ) (33.0 ± 0.9 (10.0 nm/s); Fig. S3D ). The velocities 234 of Spn FtsZ filaments are similar to those reported previously for FtsZ filament/bundle 235 movement in septal rings of Eco (27.8 ± 17.1 (SD)) (13) and Bsu (32 ± 7.8 (SD)) (12). 236 We also analyzed the time between FtsZ filament appearances moving in the same 237 direction (Fig. 2F ). The relative frequency of appearance of FtsZ filaments moving in the 238 same direction for the most part followed a random distribution, except between 30-40 s 239 ( Fig. 2F ). The diameter of FtsZ-sfGFP rings in these live pneumococcal cells was 240 determined by 2D-deconvolution epifluorescence microscopy to be 0.80 ± 0.06 μm, 241 which corresponds to a circumference of ≈ 2,500 nm. Thus, the frequency of FtsZ 242 filament appearance at intervals of 30-40 s cannot be caused by circumferential 243 periodicity of FtsZ filaments moving at ≈34 nm/s, but may be related to an average 244 clocked initiation of new FtsZ filaments. that FtsZ filaments move by a treadmilling mechanism in Eco and Bsu (12, 13) . To 267 demonstrate treadmilling of FtsZ filaments/bundles in Spn mature and nascent rings 268 ( Fig. 2) , we constructed a functional FtsZ-HT construct (Fig. 1C ) in a strain expressing 269 EzrA-mNeonGreen (mNG) (Fig. 1E) . A limiting concentration of HT substrate was 270 added to approach single-molecule detection of FtsZ-HT by TIRFm (red, Fig. 5 ) in cells 271 whose outlines were delineated by bright-field microscopy (blue, Fig. 5 ). EzrA-mNG was 272 used as a fiducial marker for the locations of rings (green, Fig. 5 ). As presented below, 273 FtsZ and EzrA exhibit similar patterns of movement in nascent and mature rings. In 274 mature septal, nascent, and equatorial rings in daughter cells, single molecules of FtsZ 275 appear as stationary foci that persist before disappearing (red spots, Fig. 5 ; Movie S4). 276 We interpret these transient, static foci of single FtsZ molecules as representing non-277 moving FtsZ molecules within the cores of FtsZ filaments/bundles that are translocating 278 by a treadmilling mechanism (Fig. 5B ). The average lifetime of FtsZ foci detected in 279 mature and nascent rings was 11.9 ± 9.1 (SD) s, with some foci persisting for 15-20 s 280 ( Fig. 5C ). The average length of a treadmilling filament is set by the subunit lifetime and 281 average filament speed, since subunits will bind to the plus end of a filament, and then 282 depolymerize from the minus end. Thus, the estimated FtsZ filament length is 386 ± 335 283 (SD) nm. 284 In addition, we confirmed that the velocity of Spn FtsZ filament/bundle movement 285 depends on GTP hydrolysis by FtsZ, as reported previously for other bacteria and in 286 biochemical reactions (12, 13, 40) . For these experiments, we constructed a Spn mutant expressing FtsZ(G107S), which likely is defective in GTP binding based on 288 homologues in other bacteria ( Fig. S8A ) (41). The ftsZ(G107S) mutant is temperature 289 sensitive for growth and lyses at 42° C ( Fig. S8B ). Following a shift from 32° C to 42° C, 290 the ftsZ(G107S) mutant formed larger, more spherical cells than the ftsZ + parent strain 291 ( Fig. S5C and S5D ), although the relative cellular amount of FtsZ(G107S) was 292 comparable to that of FtsZ + in cells at 42° C (Fig. S5E ). Strains expressing 293 FtsZ(G107S)-sfGFP are not viable. Therefore, we constructed a 294 ftsZ(G107S)//bgaA::P Zn -ftsZ-sfgfp merodiploid strain (Table S1 ), in which we expressed in ΔmapZ mutants exhibit a severe synthetic defect in growth and morphology that 359 precludes their study in Spn (23), but that was not commented upon in Smu (33). In 360 contrast, EzrA-GFP fusions in ΔmapZ mutants lack this defect and appear similar to 361 ΔmapZ mutants ( Fig. 7B ). TIRFm of EzrA-GFP movement in a ΔmapZ mutant indeed 362 revealed aberrant, untimed streaming of EzrA filaments, presumably in association with 363 FtsZ, from parent to daughter cells, often resulting in rings that are not perpendicular to 364 the long axis of cells (arrows, Fig 7B) . Nevertheless, the rate of EzrA streaming was 365 similar in ΔmapZ and mapZ + strains ( Fig. 7C ). Altogether, these results are consistent 366 with MapZ acting as a continuous guide for the orderly movement of FtsZ/FtsA/EzrA 367 filaments from mature septal rings to new equatorial rings in daughter cells. However, in 368 the absence of MapZ, a second streaming mechanism aberrantly distributes 369 FtsZ/FtsA/EzrA filaments into daughter cells. Movies S18 and S19) and that lead to a percentage of cells with aberrantly placed 426 division rings. Strikingly, reduction of FtsZ treadmilling velocity by ≈2X or ≈10X does not 427 reduce bPBP2x velocity or reduces it only slightly (≈1.3X), respectively ( Fig. 9A , S14B, 428 and S17C). Notably, in the FtsZ (D214A) third ring is rarely detected (Fig. 1, S7A , and S1B) (23, 27), making it unlikely that it 466 plays an obligatory role in Spn division. 467 The interesting conjecture was made that as MapZ reaches the equators of daughter 468 cells, it serves as a "beacon" for re-localization of FtsZ from mature septal rings (26). A 469 recent paper proposes a concerted streaming mechanism in which FtsZ moves late in 470 division from septa to equators in some Smu cells (33). In contrast, here we report that FtsZ transport to equators in Spn is a continuous process throughout the cell cycle (Fig. 472 10). Early in Spn division, nascent filaments/bundles of FtsZ are detected near and 473 moving parallel to mature septal rings ( Fig. 2 and 10 ). In the ≈10 m interval (1/3 of a 474 generation) between the initial movement of MapZ and the migration of most FtsZ to 475 equators ( Fig. 1A and 1B) , nascent FtsZ filaments/bundles move outward and become 476 more dense until they reach equators, after which the remainder of FtsZ migrates to 477 form mature equatorial rings (Fig. 3) . Progressive nascent ring formation was detected 478 in both Δcps derivatives and in the progenitor encapsulated cps + parent D39 strain. 479 These nascent FtsZ rings also contain EzrA and FtsA, which bind to, membrane anchor, 480 and stabilize FtsZ filaments/bundles (Fig. 6 ), but none of the other PG synthesis 481 proteins analyzed in this study was detected moving in nascent rings. FtsZ and EzrA 482 move at the same velocity, whereas FtsA seems to move faster (Fig. 6C ). Because and represents a second mechanism for translocation of FtsZ and its associated 495 proteins to daughter cells. In this respect, streaming is a "failsafe" mechanism that
In Smu cells, continuous FtsZ nascent ring formation was not reported and 498 streaming, which was detected in ≈7% of cells, is proposed as the primary mechanism 499 for FtsZ movement from septal to equatorial rings ( Fig. 6 in (33) In the course of these studies, we also determined a set of basic parameters about 516 FtsZ dynamics in Spn cells. Filaments/bundles of wild-type FtsZ always move with a velocity of ≈31 nm/s in rings at all stages of division and while streaming in ΔmapZ 518 mutants ( Fig. 2E, 4B, and 7C) . The same velocity of FtsZ filament/bundle movement 519 was determined by TIRFm ( Fig. 2E) and independently by wide-field observation of 520 vertically immobilized cells (Fig. 4) . A treadmilling mechanism of FtsZ filament/bundle 521 movement was confirmed directly by SM-TIRFm (Fig. 5) , and SM-TIRFm and 522 immobilized cell measurements indicated the lifetime of FtsZ subunits in 523 filaments/bundles as ≈12 s (Fig. 5C ) and the lifetime of entire FtsZ filaments/bundles as 524 ≈17 s ( Fig. 4D and 4E ). Based on the average subunit lifetime and the velocity of 525 filament/bundle movement, the average length of treadmilling FtsZ filaments/bundles in 526 Spn cells is ≈390 nm. In addition, our measurements show for the first time that the 527 processivity of treadmilling of FtsZ filaments/bundle is ≈500 nm (Fig. 4C) , indicating that 528 FtsZ filaments/bundles traverse ≈20% of the circumference of Spn cells on average. 529 Finally, as expected from previous precedents (12, 13), mutations that decrease GTP 530 binding or the GTPase activity of FtsZ reduce the velocity of FtsZ treadmilling by as 531 much as 10X (Fig. 9A ). FtsZ(GTPase) mutations also disrupt the placement of division 532 planes compared to wild-type cells (Fig. S9 , S13, and S15).
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Besides FtsZ, FtsA, and EzrA, none of the PG synthesis proteins tested in this study 534 was a member of translocating MapZ rings ( Fig. 8A and S12 ). Within the limits of 535 standard TIRFm, some of these proteins showed minimal movement in mature septal 536 and equatorial rings (i.e., GpsB (regulator), MltG (endo-lytic glycosylase), and StkP 537 (Ser/Thr kinase)) (Introduction; Fig. S12 ), whereas DivIVA (regulator) and bPBP2x 538 (septal TP) showed obvious dynamic movements ( Fig. 8A and S12C ). We therefore 539 determined the role of FtsZ treadmilling on the motion of bPBP2x and its partner FtsW 540 25 in mature septa of Spn cells. A new biochemical study reports that FtsW GT activity 541 depends on interactions with its cognate Class B PBP (43). In support of this interaction 542 in Spn cells, bPBP2x and FtsW colocalize at all stages of Spn division (Fig. 8D ) and 543 bPBP2x pulls down FtsW in a likely 1:1 complex (Fig. 8E ). In addition, SM-TIRFm 544 showed that bPBP2x and FtsW move at the same velocity on septa (Fig. 8F) Five pieces of evidence support the conclusion that movement of the bPBP2x:FtsW 549 complex in septa of Spn cells depends on PG synthesis and not on FtsZ treadmilling. 550 First, the velocity bPBP2x and FtsW is slower than that of FtsZ treadmilling in wild-type 551 Spn cells (Fig. 8C) . Second, the decreased velocity of FtsZ treadmilling in 552 FtsZ(GTPase) mutants is not correlated with a decrease of bPBP2x velocity (Fig. 9A) . In 553 fact, in the slowest mutant (FtsZ(D214A) overexpression), bPBP2x is moving about 5X 554 faster than FtsZ treadmilling. Third, severe reduction in FtsZ treadmilling velocity does 555 not markedly decrease PG synthesis indicated by FDAA incorporation (Fig. 9B) . Fourth, 556 a decrease in PG synthesis precursors caused by a ΔmurA1 mutation, decreases the 557 velocity of bPBP2x and FtsW by the same amount, but does not decrease FtsZ 558 treadmilling rate (Fig. 9C) . Last, addition of methicillin at a concentration that mainly 559 inhibits bPBP2x TP activity stops the movement of bPBP2x, but does not decrease the 560 velocity of FtsZ treadmilling (Fig. 9D) . 561 These results strongly support the conclusion that the movement of the Table S1 ; note that linkers have been omitted here to simplify 765 nomenclature) were grown in C+Y, pH 6.9 at 37° C in 5% CO 2 to OD 620 = 0.1-0.2, 766 imaged, and processed by MicrobeJ to generate demographs as described in SI Combined lifetime = 11.9 ± 9.1 s; range up to ≈20 s 
